





¢

* CATALOGED BY:

R

ﬁ@ ..

-

~T_ .

RESEARCH PAPER P-164

BASSOON 1V (U)
OPOSED WISCONSIN E.LF. TRANSMITTER -(-E‘r)-

M&WW&‘ i
Sanzions, Ha
Baotion Y444,

‘;olas ‘Christo‘filos

Deterrinati [Circle Numﬁcr(-‘i)]'

1. Classification Retained .
@Uﬁg:adcdlbowngmdo_'d Tu:m :
3. Contains No DOF Classified Infp !
4. COOFAINALE Withi e emommsirntes | .
3, Declassified Ianu ary 5, 1965
(@ iussiticd Info Bracketed ~Jised April 27, 1965)
7. Other (SPECify ) immmemieemsmrsmvense |

éf \!Ut & ) ::
| hﬁbmﬂfﬂiﬂj

INSTITUTE FOR DERENSE ANALYSES

_JASON' DIVISION DDC CONTROL
N0.53293;

L X RT

<3

GROUP.-
. EXCLUDED aon urowmc
COWNGRADING Anontcussmuﬂon

-3257
of 150

~ IDA/H
Copy

. e — L .
. . ) FZER




5

o YT 2 V42

Ve ,‘G

SECURITY |
'MARKING

k

~ The classified or limited. status of this report aullu
te each pags, wnless mnm marked,
Separate page printeuts MUST be marked accordingly.

| *"This documen( contains inrormation aftebting the Nhtional

Defeuso of the United States within the meaning of the
Espionage Laws, Title 18, U. S. C., Section 793 and .

{794, Its transaission or the revelation of its coatents -

in eny manner tc an unauthorlzed person is prohibited
" lav,*

——

EXCLUDED FROM wro:mIc
~ REGRADING; DOD DIR 5200.10
DOES NOT APPLY

" ONERALF ORIINAL SIZE - amechsest A




I

This'material contains information affecting the national defense of
the'United States within the meaning of the Espionage Laws (Title 18,
U.S.C., Sections 793 and 794), the transmission or revelation of
which in any manner to an unauthorized person is prohibited by law.

#Qualified tequestecs
thory obtals coplesof .
thia zeport from i) Ta g




»n

. s !
3-,'
. . t.; ..
B RESEARCH PAPER P-164
' BASSOON 1V (U) - |
PROPOSED WISCONSIN E.LF. TRANSMITTER 59—
Nicholas Christofilos
January 5, 1965
(Revised Apri!»27, 1965)
o | INSTITUTE FOR DEFENSE ANALYSES
. 104 JASON DIVISION
; DDC GONTROY!
) mzux%';mmrlc NO.S 3‘?"8'3 I
Contract SD-50 —SECRET—



& ' BASSOON IV (U) '
&) , PROPOSED WISCONSIN E.L.F. TRANSMITTER 8=

3 ' Nicholas Christof ilos®

I, INTRODUCTION
Polaris submarines are now tethered to the surface of the ocean
by their.receiving antennae. Their superb speed, maneuverability,

and concealment are degraded by their need to trail a buoy or floating

wire in order to maintaﬁn'cohtact with V.L.F. or other transmitting
stations. | ‘

It is possible, however, to relieve the submarine of such en-
cumbrances. By using an unconventicnally low transmitter frequency.

in the E.L.F. range -~ 25 to 100 ¢ps -- the submarine can receive,

through a hull—mounted‘receiving antenna, at several hundred feet
below the surface and while traveling at 10 to 20 knots.

This E.L.F. communication system has The further advantage as
a National Survivable System by its resistance to nuclear attack.
: ihe transmitting elements, as now conceived, can be built in such a

hardened, dispersed fashion that a missile force the size of the

25 M

‘projected Polaris force on station could not destroy completely its I N

ability to function.
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- of the EBurasian continent, and an inherent anti-jamming capability é

‘Thus the most difficult and expensive components already exist and

Another unique property of an E.L, F. comnunication system is ;j

its invulnerability to jamhing. Not only it is not possible to

build mobile E.L.F. transmitters (even on ships), but it is impqqsiﬁ

to build them at any particularly desired place on land. Special
geological conditions are requiﬁed -- the existence of exténded»ared
of Pre-Cambrian rocks to allow the radiation of a substahtial amouhﬁi
of power within reasonable cost. From geologiéal maps one can i

predict the locations in the Eurasian continent which are suitable

for an E.L.F. transmitter. The combination of a directive receivingi

antenna, the proper selection of our operational areas in the perime

the E.L.F. transmitter of 13 to 15 db, exclude the possibility of
jamming. (See Section IV.)

Difficulties with this proposed systém are limitations in the
rate at which one can communicate. This varies with what one is .
willing to spend, but the transmission rate is lihiééd by the avail-
able bandwidth. to .10 to 20,bits/seéond (or 20 to 40 wofds/minute). '
However, this relatively low rate of transmission éhould be adedﬁét
to convey important messages to overseas bases and to_the fleet in
éenerql, besides the spécial application of communication with the’

Polaris submarines.

Brief Description of the System
All the components required to build the transmitter are already.

developed and being built in large quantities for other uses.‘

could be directly adapted for use. R & D is required however to
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improve the receiver.

Radiation of electromagnetic waves at thesevunconventional
frequencies is to be achieved by exciting a huge area of several
thousands of square miles as a slot antenna. In order to minimize

power losses an area of poor ground conductivity, such as the con-

' ductivity of very old granite rocks, isrequired. It appears that

the most attractive area in this respect (28,000 square miles) is
located in Wisconsin. |

The excitation is to be achieved by means of conventional trans-
mission lines grounded at both endé at the perimeter of the excited
area. It is proposed to use conventional Diesel locomotives as the
source Of prime power in a large number of (unmanned) stations, thus
securing invulnerabiliiy bybdiSpersion.‘ (If one part of the web is
knocked out the system as a whole suffers only partly.) The trans-
mitter is to be installed in a passenger-type railroad car. Both
the locomotive and the car are to be parked in reinforced concrete
tunnels hardened to 1000 psi. A total of 810 stations and 10,000
miles of transmission lines are required to provide and convey the
power to the antenna, which is designed to radiate 125,000 watts

at 50 cps.

Evolution of the Idea®

~ In the summer of 1958 in a briefing given by the Polaris Special
Projects Office, I became awafe of the Navy requirement to communi-
cate from CONUS to a deeply submerged submarine, It was emphasized

that it was desirable not to encumber the submarine speed and

%Part Of this sub-section ap1:oeare<i3 in "BASSOON III", Ref. (6).
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freedom of maneuvering with trailing probes or buoys, etc. Needlek
to say, such communication should be free of jamming;

" A week later it occurred to me that a veiy low frequency
electromagnetic wave in the range 10 to 100 cps is the only meﬁhdd
of communicétion which could meet simultaneously all the above

requirements.

The original idea was to resonate the eérth-ionoéphere’éavity

at its natural modes. (At that time the existing information eithe
of the Q of the cavity of the atmoépheric noise level at thiS’fré;
quency range was very scarce. As a result, both the Q cavity and

the noise 1evél‘were estimated to be much higher than their actual

value). A report(l) describing the BASSOON communication system in

its origlnal form was issuved a few weeks follow1ng the Navy brleflqﬂ’

A few months later a group of sclentlsts with the part1c1pat14$ﬂ

ol

1

of the Navy was invited to examine the proposed method of communlc

tion.  The outcome of this study is swmmarized in a report(Z)

prepared by the Institute for Defense Analyses. The most importan

theoretical result of this stﬁdy group was thg discovery by K. Wats'i:'E

and V. Pitchcz) that the Q of the ionosphere in the freqpency‘band
below 1000 ¢ps is constant, independent of the frequency. Therefdr:
the attenuation along the wavepath is proportional to the‘freQUency-
This theory has been verified'experimentally'1ater on. o
As a conséqpence of recommendations of this study group and
the‘P.C.é.C.'(Polaris Command Communications Committee) the Navy
started an experimental program to measure the attenuation constant
and the noise level. The first experiment consisted of energizing v

b
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the Jim Creek antenna, radiating approximately one watt at the
frequéncy range of 600 to 1000 cps. '

The most important result of this experiment, concluded in the
summer of 1960, was the measurement of the attenuation constant. The

measured value of the daytime attenuation dis:

(L.1)

= £
a= 1.7((100\)db/1000 km

Thié in turn determineé the Q of the éavity, namely Q = 5.67.

At the same time an elegant experiment was performed in the
Lincolﬁ Laboratory of M.I.T. For the first time the noisé level at
the freqpency band 5 to 50 cps was measured. A pronounced peak at
fhe lowest mode (10.5 cps) was observed. The frequency is shifted
to 8.cps because of the low value of Q. A value of Q = 4 was
measured at the lowest mode. The value of Q increased siightly up
to a value of 6 at the fifth mode (40 cps). Therefore, these
measurements in the two extreme ends of the E.L.F., band, bdth yield-
ing substantially the same value of Q, verified Watson's and Fitch's
theory. Since the value of Q turned out to be much smaller than I
had assumed initially, communication by exciting the cavity modes
proved not possible. A travelling wave can be employed instead.

(3)

The noise level measured by Balser and Wagner in the Lincoln
Liaboratory was 75 db.below one volt per metér in the range 20 to 50
cps. An enhancement of 6 db was observed at the cavity resonance of
8 cps as expected., Therefore during the summer of 1960 all the in-

formation about the physical parameters pertaining to the propagation,
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attenuation and noise level in the range of 10 to 100 c¢ps was
available. As a result it was possible to calculate the fequired
radiated power as a function of frequency and transmission rate.
Then it turned out that the antemmae I had proposed in my first

(L

report

the P.C.C.C. advised the Navy to drop the idea. I realized howeven

that if more efficient antennae could be devised, communication at
these unconventional frequencies would be practical. Then it’

occurred to me that if an electric field could be excited over a

poorly éonducting ground, the thus excited area would act as a slot

antenna. TIf the area thus excited could be large enough (a few
thousand square miles) it appeared thét sufficient power could be‘
radiated. The complete theory of the new antennae is described in
a report (4) issued in August 1960. -
A crucial question was whether or not there do exist in our.

country enough areas of poor conductibity to reduce the cost of an

E.L.F. communication system to reasonable and acceptable levels. &

search in the literature revealed a paper(S) by R. H. Card publishe

in 19385. In this paper there was discussion of the correlation
between the resistivity and the age of a variety of granites and
vgheiss rocks. It was observed that Pre-Cambrian rocks exhibit a
very high resistivity ranging from 4,000to 10,000 ohm meters.

An optimization process included in Ref. (4) yielded the con-
clusion that a system of E.L.F. communication in the range of 25 t
100 ¢ps is feasible provided, however, that there do exist in our
country enough areas {totalling 80,000 scuare miles) of average .

-6-
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resistivity of 4000 olur meters.

Following this conclusion I submitted the report to the Navy.
An ad hoc committee was appointed early in 1961 to»evéluate the
proposal and design a crucial experiment to verify the radiation
properties of the proposed antennae. At the same time a more in-
tensivé effort started towards méasuring the atmospheric noise level
in the frequency range of 25 to 250 cps.

By the fallﬁof 1961 the experiment proposed by thHe ad hoc
committee waé approved. A 110 mile 1on§ line was'éonstructéd.in
North Carolina, The installation was completed by Christmas 1962. .
In January 1968 the antenna was excited with 50 amps A.C. in a
nuﬁberlof frequency bands from 78 to 256 cps. Although the radiated
power was approximately one watt, a signal of 0.0l cpsjbandwidth was
successfully received in a submerged submarine (150 feet de=zp, 500
nautical miles from the transmitter) moving at a speed of 6 knots
with a sensor mounted ir the hull. Thus for the fipst time an
electromagnetic signal was received_by an unencumbered submefged
submarine without the aid of a trailing buoy. i

What reméined, following the successful experiment, was to
measure the ground conductivity of geologically promising areas and
& practical design of the transmitter optimizing the cost-
of the proposed communication system. During the second half of 1964
I proposed a practical design of an E.L.F. transmitter(S), emphasizing
invulnerability-bé dispersion. I suggested the use of a lérge number'
of unmanned stations built on trains and Jowered by Diesel locomo-

tives. In the meantime conductivity measurements in Wisconsin

-7-
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indicated that Wisconsin is the most attractive area to build an
E.L.F. transmitter. On the basis of the measured conduectivity and
the available area I designed the Wisconsin E.L.F. transmitter

described in what follows.

Wisconsin as a Site

Since BASSOON IIT was issued, conductivity measurements have.
been analyzed and presented by DECO and RCAvin a meéting‘at USNUSL

on December 16, 1964. It turns out that the conductivity of the

rock under Lake Superior is rathér high, probably because of sedim ;
Consequently, Lake Superior is not suitable for E.L.F. ahtennae. 4
measurements in Wisconsin, however, confiried DECO predictions tha
the conductivity is of the order of 21.0"4 mho/meter. The area'éf pY
conductivity in Wiscoﬁéin, shown on the attaéhed maps, is '
approximately 23,000 square miles.

In more detdail the results were as follows:

o mho/meter

Area DECO RCA

' . R -4
4400 sq. miles 0.5 - 1°19 0.7.10
19,000 sq. miles 1 - 3.207% 2.10"%

The conductivity was measured by DECO in 10 different l¢cétioﬁé
by the 4-probe method, surveying approximately 1000 sqnare miles i
each location. RCR measured the hovizoﬁtal component of the con-

ductivity only in two points at frequencies near the contemplated

operation frequency.
-8-
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The Wisconsin area, besides meeting the.basic»requirement of
- | . poor conductivity, offers three other advantages: ’
. 1. It is the only area of poor cbnductiVity with flat
~terrain. Consequently the cost of the transmission lines

will be less than in mountainous areas.

2. There are thousands of lékes and pOnds; facili- ':a

tating grounding the terminals of the transmission lines.

3. The‘center of the antenna area is located at
approximately 45° N.L. and 90° W.L. As a result it
is possible to cover all possible Polaris operatioﬁal' »
areas with one array of transmission lines pointing ‘

North-~South. .  ‘ T

" Some Operational Features
. The 10 db contour of an E.L.F. transmitter located in Wisconsin

is shown in the map. A signal-to-noise ratio of 10 db is ‘achievable

_at a transmission rate of 4 bits/second under the pessimistic as-
sumption that the atmospheric noise is 72 db below oOne volt/metér.
Thé radiated power is 125,000 watts at 50 cps.

Since the radiating area is limited to 23,000 square miles, a
soft transmitter system is not invulnerable to nuclear attack.
Therefore it is proposed to build the transmitter hard enough so
that after a nuclear attack with a missile force equivalent to the

total Polaris force on station, still enough. elements of the trans-

mitter will survive to transmit at a rate of 0.5 bits/second at

- . 10 db signal-to-noise ratio. It has been assumed by SP204 that . -
-9
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that 400 to 500 bits are adequate for complete retargeting

marine, including instructions on the time of launch.,

transmitter.® Then the submarines will be freed at last of the

encumbrance of floating wires, V.L.,F. buoys, etc., ete.

submarines will be allowed for the first time to use their superb ;l

performance in speed and maneuverability.

The transmitter consists of two arvays with 310 elements each E
The power is provided by 310 unmanned stations, 1275 kw each, i

stations are located inside tunnels of reinforced concrete with

thick enough to stand an overpressure up to 1000 psi.

3
to build the elements of the arrays underground (cable buried 6 feqt

deep, 1000 psi hard).

As will be shown later, the cost of the transmitter, with twé@i
a?rays to provide global coverage is estimated at $650 million. I£}:
the transmitter will be used exclusively to cover the Polaris ‘ ;
operational areas, plus the aregs shown within the 10 db contour i;%

the attached map, then only one array is required, and the cost wqu

be reduced to $500 million.

¥
1Zn1nerability discussed in Section 1V.
=

See Section following.

-10-
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A1l the 'required Polaris communications can be carried by thelg

It is propoge




II. TRANSMISSION RATE & POWER (ANTENNA'INPHT & RADIATED) REQHIREMENTS
The required radiated power of the transmitter has been calculated

(6)

under the following assumptions.

(1) The noise lewvel at 50 cps is 72 db below one volt/meter
at one cycle bandwidth. This level is 2 db more pessimistic
than the level assumed by RCA<7) in caleulating a hard trans-

mitter with a transmission rate 0.25 bits/second at an eétimated

cost of $500 million, and a signal-to-noise ratio of 10 db at

15,000 km range.

(2) The attenuation at 50 cps is 0.8 db per 1000 km.

{(3) The ionospheric height at E.L.F. is 75 kilometers.,

(4) - The required 10 db (signal-to-noise ratio) contour at

a transmission rate of 4 bits/second, i.e., a bandwidth of 4

cycles per second, is the contour shown in the map.

(5)

noiseé at the depth of reception.

The submarine self-noise is equal to the atmospheric

Thus the overall noise level
is 3 db above the atmospheric noise,

(6) The receiving antennae are mounted.on the hﬁll._ By
properly connecting the two electrostatié antennae, already
successfully tested in a nuclear submarine, the figupe 8 '

radiation pattern of the antenna can be pointed always toward

“11-
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0.5 bits/second is an adequate one, why have I assumed 4 bits/szcond?

There are three reasons for this assumption:

—SECRET-

the transmitter. Thus the 3 db directivity gain of the
receiving antenna offsets the submarine noise at the

reception depth, as it is defined above.

The question may arise that, if a rate of transmission of

(1) Before a nuclear attack anyvinstpuctiOn given to a
submarine must exclude any error whatsoever. Therefore-ab
very high signél—to«noise'rafio is required. The BMEWS

system 0perate§ at 17 db signal~-to-noise ratio. Thé proposed
transmitter will transmit information‘concerning orders to
fire or to retarget at a rate of 0.5 .bits/sédond iat a s‘:"Lgnal-'.
to-noise ratio of 19 db, thus excluding any error and inciudingf
a2db margin above the 17 db adopted in EMEWS. In a posté'
attack environment, however, if the E.L.F, trénsmitter is |
attacked with hundreds of missiles, it means that.our country
has been attacked with thousands of missiles. Therefore it

is obvious that we are at war, and there is no need 6f 17 to
19 db signal-to-noise ratio. A reduction of the signal-to-
noise ratio to 10 db means that one in every hundred missiles
either will not be launched, because the information was not
transmitted, or it will be sent to the wrohg target. The
latter is of leséer importance, however, after the United

States has been attacked by thousands of missiles,
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(2) A transmission rate of 4 bits/second provides in
addition:
(a) 8 words*/minute at 99% probability of reception.
{(b) 16 words/minute at 9%% probability of reception,
{(c) 40 words/minute at 95% probability.of reception ,

from a limited vocabulary of 4000 words. This high transmission
rate will allow the transmission of the RATT broadcast of enter-

tainment, general news, messages to'the crew, ete,

(3) The reception of an "alert signal" that a message -is

about to be received by "ringing the telephone" of a parti-
cular submarine while traveling at 22 knots at 350 feet keel
depth. Then the submarine will aséénd to 250 feet depth and

reduce its speed to 10 knots to receive the message.

Under the above assumptions the required radiated power at

50 eps is
WR = 125,000 watts

The available transmitter area (F) is 23,000 square miles.

*This area will be excited s a slot antenna. The surface electric

field is given by the equation ( IV-3) of reference (6), namely

* I assumed a digital system:ls bits per character, 6 characters
per word.

~13-
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watts

. (E_F)?
" i . w = o
. - R 4800h

where Eo is the RMS value of the surface horizontal electric field

i

over the radiating area F, A,and h are the wavelength and the hei

of the ionosphere, respectiVely, in kilometers, and F is the radia@“

area in square kilometers.
Substituting in equation (II-1 ), h = 75 km, A = 6000 km,

F = 59,500 sq km, and WR = 125,000 watts, we find

E, = 87.4 volts/km

The power loss in a uniformly illuminated ground of conductivifty

- ‘ wo = (6 § Eo2/2) watts/km2_ (II-2)_'§

where ¢ is the conductivity in who/km and 8 is the skin depth iﬁ

In order to be on the conservative side, I have assumed the
following values of conductivity in the area of 23,000 miles where

it is proposed to build the transmitter.

__TABLE I

7
Area o (who/km) ka wo(kw/km ) wtot(kw)
4000 sq miles 0.1 - 7.07 2.7 27,800
(10,300 sq km) _ :
19,000 sq miles  0.24  4.5% 4.17 205,200
« (49,200 sq km) '
Total Ground Losses 233,000 kw
“14-
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The ground losses listed in the table are correct for the ideal

. s )
e et —— -

case where the 23,000 sg miles slot antenna is uniformly excited with

a surface electric field Eo = 87.4 volts/kilometer, Because of the

concentration of current under the transmission lines which energize
the slot, the above ground losses are enhanced by a factor (Fg)

depending on the distance (D) between transmission lines. The

N L R A S N Y 25

theoretical derivation of the additional losses is discusséd in
Ref. (4). The percentage increase (Fg) of the losses as a function of

(D/8) is listed in the following table.

TABLE II :
(D/8) | | B |
0.5 : 1.5 ‘
) 1.0 7.0
1.5 18.0
2.0 33,0

We observe that the ground losses increase rather rapidly for values
’ (D/§) larger than 1.5, The optimum solution is obtained when the
cost of the transmission lines (excluding the conductor cost) is
equal to the cost of the additional transmittér power required to
compensate the additional power loss shown in Table IT.
The size of the copper conductors in the transmission lines is
:6ptimized when the cost of the conductors installed is equal to the - _:.
cost of the transmitter power required to compensate their ohmic
. losses. . The optimization procedure is discussed in the next section.

-15-
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installed in one passenger car. The output of the ignitron-inverters

III, DESCRIPTION OF THE TRANSMITTER OPTIMIZED FOR COST
It is proposed to build the stations on trains, powered by

Diesel electric locomotives. A Diesel electric locomotive costs

approximately $83 per brake horseﬁower. The type which currently is;;

produced in large numbers (Severél hundred per year) is 2500 horse-
power. The output of the generator is approximately 1900 kw. It iéf
possible to operate continuously Diesel locomotives at 75% of their
peak power. Thus at 75% of the peak power.the generator output of
the standard (2500 horsepower) locomotive is 1425 kw.

The D.C. outpﬁt of the locomotive's generator will be inverted
to A.C., at 50 cps with ignitron-inverters. The unit cost of the
ignitron-inverters is $190/kw atcording to Ref, (8). In this price
is included the cost of the tuning condensers and the cutput trans-

former which coupleé the power to the transmission lines., It is

proposed to park the trains in reinforced concrete tunnels (Pigs1‘l,%
with walls five feet thick, they would thus be capable of withstandid
an overpressure (from a nuclear-ekplosion) up to 1000 psi. Fuel tank
will be provided within the tunnel for one month fuel storage. The
output transformer for each of the two elements, which each station.v
is energizing, is installed in the tunnel as Wéll as the tuning

condensers. The ignitron-inverters, 1275 kw per station, can be

-16-
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can be coupled to the output transformer through two "third rails,"
as it is done in electric railroads. By properly apportioning the
power to each output transformer, thus to each of the two elements of .
the array, it is possible to rotate the radiation pattern of the skot
antenna to any desired direction.

The cost analysis of each station is shown in Table III.

TABLE ITII B

One 2500 hp Diesel locomotive - $207,500 b
One passenger-type railroad car $l40,000 %g
Ignitron-inverters, 1275 kw @ $1.90/kw $242,500 ?{
i

b

Communications from and to main control

stations . _ $ 40,000 E%

: $630,000 "
Reinforced concrete tunnel b
3000 c.y. @ $65/c.y. $195,000 B
Steel door $ 25,000 $220,000 %

$850,000

I have assumed 20% reserve stations ready to replace defective
ones or undergoing maintenance. The cost of the reserve stations
brings the total cost per operating station to $976,000 or $765 per kw
of transmitter power. I.. order to optimize the cost of the transmitter
we shall derive the array cost. It is proposed to build the arraysf
underground. .

The underground elements 6f the array are visualized as single
copper cables, 500,000 cir. nils, insulated for 10:KV, €60 cycles, con-
tinuous operation.

17~
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The cost of the underground section of the array is estimateg

as follows.*

TABLE V

Right of way acquisition - $2,500/mile
Right of way surveying, mapping and : : | :
clearing - 3,250/mile
Trenching (6 feet) and backfilling _ 7,500/mile
Selected £ill and protective barrier » 2,500/milé
Cable installation - . 750/mile
Total (excluding cable) " $16,500/mile
Cable 5000 volts 500,000, cir. mils & 7,500/mil
n omn 1,000,000 " 7 $12,500/mi}
Cable 25,000 volts . 500,000 cir. mils  $20,000 /mi.
no m 1,000,000 " 0t $33,000/mi1

In the proposed installation the lenyth of the elements do

not exceed 20 miles. Therefore a 6 KV cable is adequate. Providi

. for future power increase, however, and better protection from an

induced epf by the E.M.P. generated by a nuclear explosion, I have
assumed a 10,000 volt cable. The cost of the 10,000 volt cable i

derived from Table V by interpolation.

&* . :
Information provided by Dr. Q. Powers, RCA, private communicati

18-
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Cable 500,000 cir. mils $11,000 /miTe. i
N , " 1,000,000 " " $18,000/mile ‘ ‘z
H % ; The total length of the elements of the two arrays'and'théip o é
£T7 cost as a function of (D/§) are listed in Table VI. TInh columns 4 .ard ,é
- : i
: S are listed, respectively, the additional ground losses as$ a function. £
4
of (D/§) and the corresponding cost of the transmitter‘(@ $765 /kw). - g
required to provide this power. V ' :
;
TABLE VI E
: | Cost Additional o ransmifter E
.-j: , » (D/8) L(Miles) (in Mllllon.$) Ground Posses,(kw) IMiiliﬁﬁ’$> E
=i - 1 15,240 251.5 16,300 12.47 ;
; 1.5 10,160 167.6 42,000 32.13
b7 2 7,620 125.7 77,000 - 58.9 3
! Difference -41.9 - ' +26.8 é
| _ ‘ The transmission line current, and the power losses in the :
! conductors as a function of (D/8) are shown in Tables VII and VIIT ;
3 : T
5 in two cases, respectively: j
c 1 - ’ . " (a) Underground cable 1,000,000 cir. mils i
‘ Resistance Re = 0,055 ohm/mile ) ?
(b). Underground cable - 500,000 cir. mils
5 - Resistance R, =0.11 ohm/mile
) The. cost of the conductor installed and the cost of transmitter

power required for the ohmic losses of the conductors are listed in

columns 3 and 4 of the followinﬁ tables:

~19-
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TABLE VII
o I e k) Conductor Cost Transmitter Cgét
(D/8) (amperés) (in Million §) - (in Million §)
1.5 463 60,000 182.9 41,7
2.0 618 80,000 137.2 55,7
Difference -45.7 +14.0 .
TABLE VIII
) I W Conductor Cost Transmitter C
(D/8) (amperes) ¢ (in Million §) (in Million $):
.8 463 120,000 111.8 83.4
2.0 618 160,000 83.8 111.4
-28.0  +28

Difference

From the above tables we conclude that the cost is practically

the same for three cases which are summarized in Table IX, -

 TABLE IX
: " | Total Power | Station Array
(bf8)| Q R, (ohms/mile) | Loss (kw) Cost . Cost
1.5 | 4.5 0.11 395,000 302.2 | '279.4
2.0 | 4.8 0.11 470,000 359.6 209.6
2.0 | 6.0 .055 390,000 298.4 262.9 -
-20- i
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’i We observe that in the first and third .cases the total
-? - transmitter power is the same. The additional ground losses are
Ex 6ffset by the smaller conductor losses. The total differénce in
%,‘ cost is insignificant to constitute a decisive factor. In my
%I opinion the first case is preferable for two reasons:
? (a) The Q is somewhat smaller, thus allowing é 25%
ff: _ ' : A larger bandwidth.
B (b). The line current is smaller, thus reducing
interference in the neighborhood of the transmission lines,
i.’ The sécond case requires more power. Thus although the initial
investment is smaller, this small difference will be offset by ‘the
E. ) fuel costs in S-year operation. Therefore the proposed.design of
?{ ' the transmitter is to install the lines (1.5 &) apart and to use
il -
%. ‘500,000 circ, mils cables. The total cost of the system is:
; '10,166 miles underground cable @ $27,500 = .$279.4 M
k 310 ground connections B §50,000 = 15.5 M
Total array cost $294.9 M
310 stations @ $850,000 =  263.5 M
60 reserve stations @ $630,000 = 37.8 M
596.2
Miscéllaneous, contingency o 53.8
Total transmitter cost $650.0 M
21~
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It is of interest to compare the results of the above
optimization with the parameters derived by the optimization pro
cedure described in Ref. (4) and employed in Ref, (6). Accordihg"
to the old optimization (D/8) = /2, the total length of lines
L =10,780miles, and the required number of stations is.300. :The}
cost of the syStem is $604 million, Consequently it is obvious
that>the more sophisticated optimization pfocedure employed in thi
report resulted practically in the same cost. ‘

The géneral pattern of the arrangement of the stations ié
shown in Fig. 3. The length of each element is 16.4 miles. The

distance between adjacent lines is 6.59 and 4.24 miles'respectivei

in the low (4000 sq. miles) and high (19,000 sq. miles) conductivify

areas.

Bach half element consists of 8.2 miles of underground caﬁle.
Each eiement is connected to the next one, but the connection is
grounded. In this way if the elements are in phase there is no

ground loss at the end of each element except at the perimeter of

the energized area of 23,000 square miles. As a result, the termi
connection resistance, averaged over the length of each élément, i
approximately 0,003 ohms/km. Differences in amplitude, howevér,

between adjacent elements, may cause a fraction of the liné curren

to return through ground connections in the middle of the array.

Even if the currént in these ground connections is as high as 20%.

of the line current (463.5 amperes), the total ground'éonnection'- J

losses will be doubled. Thus I finally assumed a ground connectio _ ’

resistance 0,006 ohms per km.
-20_
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The total vesistance of the element's ciréuit

Ground 1:-e".sji‘".:‘.1:ance.R.g

Line resistance R, = 0.068 ohm/km

Ground connection res'istange'rCr

Total R = 0.231 ohm/km

The-cbmbined~line-gr0und return reactancé of the arrays is 1.044

ohm/km (at 50 éps). Thus the Q of the system is 4

bandwidth is 11.0 cps. Consequently the maximum rate of trahsmission

" is 10 ‘bits/second.

23

—SECRET-

0.157 ohm/ki

0.006 ohm/km

per km is
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IV, RESISTANCE TO NUCLEAR ATTACK

The philosophy behind the designvof this hardened. and. digpers

transmitter system is that the enemy would find small value ih at=
tacking it at all if the number of miésiles required to destroy thé
usefulness of the system were larger than our total'Polapi; force o
station. |

T‘ order to estlmate the vulnerability of the transmltter,

its nost—attack transmission rate, as a function of the number of

missile hits it absorbs, I assumed a range of pre-attack transmissidﬁ“

rates and then studied the effect of increasingly severe attacks in
these various initial transmission rates. The rule I adopted for a

attack was to assume that each enemy missile carries a single one-}

warhead, and has a C.E.P. of one-quarter of a nautical mile (expéctel

5 to 6 years hence). The 1006 psi range of a one-MT warhead is ap-

proximately 0.25 nm. I assumed each station in the transmitter net %o

elements with a probability pf 75%, but leave intact the other two

half-elements. If the same warheads hit the station, they-havevthebi
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all four half-eiements associated with the station. Therefore it ap=

pears that it is more profitable for the enemy to aim his missiles at

the stations rather than at the elements. But notice, if a missile

aimed against a station lands at a distance larger than one-qtarter of
a mijie from the station but closer than 0,25 to the elements associéted
with the station, it may destroy one half-element. In order to avéid
this possibility the stations are designed to be installed at a distancs
of approximately one mile from the intersection of the two elements of

the array, and then to feed»ﬁhe lines through two different cables.

This secures survival of the connection between the station and the

elements even if one feed is destroyed. In this way the weakest'com?

ponents are the stationsthemselves. Hence in what follows, the survival

of the systam will be calculated as a function of the survival of the
stations.

-The probability of the survival of N stations is

N =N, exp (- 0.7 /N) ' (Iv.1)

where N is the exploded number of missiles and N the total number of
stations. As the number of stations are substantially decreased, more

eélements will become isolated. As a result the resistance of the

. element's circuit will bacome higher because the terminals of each

element will be grounded independently. I assumed that the resistance
of each terminal grounded in a lske is 0.1 ohm, and if it is grounded

on land I assumed a resistance of 1 ohm, and that one out of three

groundings will be on a lake, thus resulting in an average resistance

6f 0.7 ohm, or 1.4 ohms per elément. The calculations of radiated
<25~ i
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power are based on a total résistancé of 6 ohms/elément. Thus the

ol L e -

radiated power is asymptotically reduced by 20% as -all the remaining
eleménts tend to become isolated.

The radiated po&er is propbrtional to the square of the;humbeﬁ
of stations. Consequéntly the post-attack rate (R) as a funqtion,oé

the pre-attack rate (Ro) is

oR exp (- 1,4 /N, v

o
1]

where

R
i

1-0.2[1- exp-(-1;4 Nm/Né) ]; | ' (.Iv._35

The quantity « provides a correction to the radiated power which wou

result from the increase of grounding resistance of the elements as

they become isolated because of the destruction -of nelghborlng stat%%n

In the follow1ng tanle are llsted the values’ of (R/R ) and thé

other pertinent quantities for N = 310 statlons, as a functlon of
the number of arriving missiles Nm' The surv1vab111ty has been cal-
culated as straight probability, not taking into consideration the
possibility of enemy post-attack reconnaissance.

Wwith the aid of the ﬁable one can calculate the‘survivability
for dny given initial number of stations. I have calculated the |
post-attack rate for different pre-attack ratés, namely in the range
0.25 - 8 bits/seé pre-attack rate. In the range of 0.25 - 4 bits/se

I assumed that both the number of stations and the covered area is’

-26-
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) i
. Ny (LN exp (- 1.4 N/N_ ) o (R/R,) bit§¢$ec ‘Lé
50  0.161 0.798 0.960 0.766 3.1 %
100 0.323 0.636 0.927  0.590 é.4
2000 0.626 0.416 0.883 0.368 1.5
300  0.968 0.258 0.852 0.220° 0.88
400 1,29 0.164 0.833 0.137 0.55
500 1.61 0.105 0.821 0.086 0.34
600 1.93 0.067 0.813 * 0,054 - 0,22
700 2,26 0.042 0.808 0.034 0.14
) 800  2.58 0,027 0.805 0.022 0.09

proportional to the square root of the rate. 1In the range of 4 to 8
bits/sec I assumed that tﬁe total available area in Wiséonsiﬁ is
covered by the transmission lines (10,160 miles of underground cable,
covering .23,000 square miles) and that the number of statiohs increase
linearly with the rate of transmission. Finally I assumed that fhe

cost is

C = 500 Rb% million dollars, (Iv.4)

Equation (IV.4) yields a cost of $600 million for Ro = 4 bits/sec,

which is the cost calculated in Section III. In this cost is not

- for R, = 4 bits/sec

v
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inéluded the 10% contingency nor the 5-year operational costs,

Under thé foregoing assumptions two sets of curves have béen

preparéd (Figs. 4 and 5). In Fig. 4 the transmission'rate~in-bi§$/s§ﬂ‘
i
is plotted as a function of the initial investment for séveral ma@ﬁi%
!

tudes of attack. In Fig. 5 the required initial investment iS‘Pibﬁtéw

as a function of the magnitude of the attack for three cases of posts
attack transnission rate, i.e., 0.1, 0.5 and 1 bit/sec.
We' observe that with the design proposed in this report ($6¢01>

million initigl investment plus contingency) the desired 0.5 bitjséc|

pggt-a?tQCK rate is maintained even after a heavy attack wﬁth'450 0né
‘MT warhead missiles, i.e., a force approximately equal té a Pslaris
force .on station. .In order to maintain the same post-attack fatg £o
heavier enemy attack, the required increase of initial investment iSé
$6004000 per expected additional enémy missile, or apprdximately' '

$800,000 if we include the cost of 5-year operation. A similar

missile costs us, however, approximately $5 million for 5-year

operation. Therefore we may conclude that the exchange ratio is so
unfavorable for the enemy that the station, if built as hard. as is 
éropqsed,.may not be attacked at all. The cost of the transmitter

for 0.5 bit/sec, pre-attack rate, is $200 million. Thus with an

additional $400 million we can secure the same rate after an attack }i"

with 450 missiles costing much more than $400 million.

According to my reasoning, if a station is built this way the

additiohal $400 million. cost should be considered as invested in two

different ways, depending on whether or not the enemy will attack t

transmitter.
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(1y If the enemy indeed attacks the station -with: '
450 missiles, then the stations can still accomplish
its Polaris ‘communications mission .and we would have
diverted 450 one-MT missiles at a cost. of the order of

$1 million per missile, which is a very ineéxpensive

‘ABM indeed.

(2) 1If the station is not. attacked we would: have:

acquired an invulnerable Transmitter which, bésides

" its Polaris mission, can transmit for surfidce=surface

communications 16 words/minute at 7 db sj,gna;i.eto—.
noise ratio omnidirectional or 10.db in a-directioral .
pattern, or 40 words/minute from a limited vocabuiar"y—
of 4000 words. At a time where <all the V.L.F. stations
will have been destroyed as well as most -other com-
funications, such a station will be a very valuable
meéans to secure conunun;(‘.catiéns, even at its low rate,

at any location in the globe,

> - - —— - -~ e

PR

7.

RIS

..

- i
N

¥
A

:

X

¥ i

a

¥

Y]

——y g = o g e

e B T L L DY P S U-SUp s o [ — g g LA s LA
- - P RN [P et i et MA T 1 s 5 et e o Pk A SR e B, AT Aol i

v

Ly

Py

.

R A P

ST rhh PNt gty

e T RN

lurrs Tonie 5

"

£ b o Medaesha i g A

v

4
73
262
"

R PR N DR PN LTI OSEETAS- O3




&

. completely the Eurasion continent and so there is a large selectigy

V. RESISTANCE TO JAMMING
The proposed ELF communication system is inherently very

resistive to jamming. In cpntfast to any other »f traﬁSmittihg _

systems mobile ELF stations cannot be built because an ELF trans-|i:

mitter is a large installation which requires special gedlogical

conditiqns to radiate efficiently. This also means that it canno
be built at just any desired location in USSR or China and thié i
turn means that its possible location can be predlcted by studyln
geological maps, - There is some 1nd1cat15n that such a 90551ble
location exists in Kasakhstan (USSR) near the Aral Sea.__Since aﬁ
ELF transmitter is « large installation it cannot be built oQérﬂi
Therefore the construction of the transmitter will be observed well
in advance to allow relocation of the operational areas whi¢h~may
affecfed by the prOSpective'jammer.

The 10 db contour shown in the attached map ‘encircles

POLARIS operational areas to which ELF communication is feasible: |{An

enemy jammer can cover, at the mdst, only some particular areas.,

What counts in the presence of jamming is not the radiated power

the received power density (watts/m ) at the receiver site. The'

the location of a jammer at a smailer distance from the receiver’ﬁ_.“
e
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our ELF transmitter is not as dominant a feature in its capability.

of jamming as it would be at higher frequenciés.

The received power density of an ELF wave at a distancé I from

the transmitter is

W, = .T.g%— Q-%E) (éinze) (sin%) o eb v;artg/kmz (013

where WR is the radiated power in watts, ¢ = (D/a), a is the

earth's radius, h is the ionospheric height, © is the angle

between the direction of the receiver and the direction of maximum

radiation intensity of the transmitter, ¢ is the angle between
the direction of maximum gain of the receiving antenna and the

direction of the transmitter and o

o is the attenuation constant,

namely

- -4 £ -1 |
o = 3.7 + 10 —ﬁﬁ)km - ‘ v.2)

In the described ELF transmitter two arrays of antennae are provided.

-

By proportioning the power'in the twb arrays it is.possible to bbtain
maximum,radiation towards‘any desired direction; Therefore in the
following calculations I assumed that sin26 =1, ‘

-It appears that it may be feasible to build a directive receiving
ELF antenna. A pair of electrostatic antennae mounted in:the'hull of
a Sﬁbmarine have been successfully tested. This pair of antennae was

intended to provide omnidirectional reception. It appears feasible,

-31-




however, to create the familiar figure 8 pattern of a 1pbp;by :

properly mixing the signals received in each anterina, and rotatin
the lobes (of the figure 8 pattérn) towards any desired direction
Thus it is possible to turn the null of the receiving antenna téw

Jﬁ;

In order to evaluate the resistance to jamming of the propOs&f

the enemy jammer.

ELF transmitter we shall assume as an example a particular 1ocatil-

and the radiated power of the enemy jammer. A convenient assumptipi

transmitter. As an exawple I selected a jammer location 2500 km
north of Karachi, Pakistan which is approximately 2500 km N.E. of {}
the East Mediterranean operational area.

The signal to jammer ratio is

W (sin¢)j (sinQ\y)S '
. . - -D.) >
(sing) (sinzw)j TP % §Ds b;) .

w.

J

The transmission rate R, in bits per second under the assumption

a 6 db signal tc jammer ratio is acceptable is

R

.25 (Af) (ws/wj) bits/sec

where (Af) is the bandwidth of the transmitter. The allowed data |}
rate in East Mediterranean and Arabian Sea (500 km, south of Karadﬁ&)’

under the assumption that £ = 50 cps and (Af) = 11 cps are:

~32-
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a, Edst.Mediterfanean

Distance to the transmitter D, = ‘9500, km
 Distance to the jammer Dj = 2500 km
Angle between the direction of:
transmitter and the direction of
. ’ ' 0
jammer . .#S - wj ~ 60
Y L2
Then if sin ws =1, sin wj = ,25
R =1.,2 bits/sec
~which is higher than the desired ratio of .5 bits/sec
b. Arabian Sea
Distance to the transmitter DS = 12,500 km
Distance to the jammer Dj = 3,000 km

Both transmitter and jammer are'located practically on the same great
circle. Thus a directive receiving antenna is not useful in this case.

The allowed data rate is
R = .23 bits/sec
The above calculations indicate that an enemy jammer of equal

cost and power as the proposed ELF transmitter it will force us to

reduce the desired data rate, in one of many possible operational

-33- .
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‘going calculations showing the ineffectiveness of an enemy jammep,?ﬁt

is very doubtful whether the enemy will ever attempt to jam- the p?@*

" to jamming.

areas, by a factor of two. There is no reduction of the~peﬁfbrméh

of the system in all the other areas. Therefope in'Viéw.of'thngf

posed ELF transmitter. Therefore one can conclude that for any -

practical purpose the proposed ELF commﬁnication system is inVulnejﬁ‘.;
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VI. REQUIRED SIUDY, PROBABLE COMPLETION TIME, REMAINING R& D

It seenis to me thét recently there has been>some'misunderéiéhding
about the R & D required before it is sensible to start building an
E.L.F. transmitter. In my opinion, there is no research and develop*'
ment at all required in order to build an E.L.F. transmitter. The |
reason is that all the "building blocks" of the proposed transmitter
are elements of power engineering which have been devéloPed to per-
‘féetion, for they are used in very competitive industries.

The "building blocks" of the proposed transmitter are:

1. Diesel-locomotives. The Diesel locomotives have

been developed to perfcrm very reliably. More than

10,000 have been built the last 20 years.

2. Ignitron-inverters. The principle was published

in the literature more than twenty years ago. The
equipment was developed initially to make possible the
use of D.C. for transmission of electric power at long
diétancés. There are a few D.C., power transmission |
lines in Sweden, built by A.S.E.A., and there is some
thought about building such a line in California in the
near future. Another application is in'chargiﬁg thé
magnet of higﬁ energy particle accelerators. Two )

accelerators at Brookhaven National Laboratory and
-35-

-SECRET—

0T e 2]
>

€

PRI
R TN
W

LS B P g

SR RN R A ey

prprontmet iy

ity

e

aTh amr o v N mwra e FPpie sy S
PSR SRS SIS I M T op il on o
N

. ”

£

n



one at Lawrence Radiation Laboratory at Berkéléy use
ignitron-inverters (approximately 50,000 kw peak powéby
10,000 kw average powér) to transfer energy from a fly-
wheel to the acéeelerator magnef. Inbthis application
the ignitrons operate both ways. They rectify A.C. t¢
D.C. and charge the maQnet»uﬁ to its maximum currerit.
Then the energy stored in the magnet is converted'back
to R.C. by operating the ignitrons as inverters. Two

of these installétions have been in operation for over
ten years. Thus there is large experience on their .
operation and reliability. Any faults in their opera-
tion were rectified a long time ago. In the proposed
application for the E.L.F. transmitter there is a new-
requirement, however. The phase of the A.é. must change
periodically, sometimes as fast as every 100 milliséconds.
This requirement; however, is rathér a detail. Thus a
contractor who may be the lowest bidaer to build 3000 to
4000 identical units should be abie to ineclude the

required minor development in the fabrication cost.

3. Transformer and tuning condensers. Conventional

60 cycle, cosP correction condensers and 60 cycle power
transformers, which have been developed ta perfection a
long time ago, can be employed in the prdposed trans-

mitter without further development.

-36-
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4, Buried cables. There exists a large variety of

non-shielded cables adequate for buried opération.

_ The detail design of the transmitter, the distance between
€lements and the 1eng%h of each element depend on the ground con-
ductivity. An accurate mapping of the ground conduétivity of the
pfoposed area in Wisconsin could be obtained in the next six months
if such measurements can start early in the Spring. By the end.of
the Summer the results can be analyzed and séon thereafter a detailed
design and cost estimate of the transmitter can be prepared.

In my opinion the capacity of our industry is large enough so
that it'is possible to build the Diesel locomotives and the ignitron- )
inverters in two years. The elements of the array can be built in a
year following acquisition of the land. Thus by the end of fiscal

year 1967 the transmitter cquld be in the testing stage. By the end

.of:calendar year 1967 the transmitter can be operational at full power,

provided, however, that a decision will be made by the Navy in the
next two or three months to proceed. _

The question then arises where is it requiréd to do mbre research
and development, as it has been proposed recently? There is a lot of
RED fo be carried out to improve the receiving conditions. During
the last two years it was possibie to reduce the noise in certain

nuclear submarines by 20 db., Although further redudtion of the
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submarine noise is a desirable goal, the receiving conditions

. - discussed in Section II are based on present noise levels. For

;I example, if another 10 db reduction can be achieved, normal receptl‘h
at 400 feet at a speed of 22 knots may be feasible. A number of

experimental receivers have been already built, There is no

technological breakthrough required to bulld,the receiver. In my ]

opinion, there are many electronic industries which can develop

and deliver operational receivers in two years. Another avea of - ||

R & D is to devise and test a variety of geometries and materials ;5

for the receiving antennae.

Because there is some ambiguity in the atmospheric noise ieve%
the height of the ionosphere and fhe attenuation constant, I haQeV}
assuned the most pessimistic values of these natural constants. I¥
is quite probable that the actqal values of these constants are -
smaller, thus allowing the proposed transmitter to transmit siﬁult‘

eously in both directions, securing a simultaneous global coverage i

don't know of any research which will‘improve the existing natural}%one :

stants. It is our knowledge of these constants which will be imprgved by

future research. But it should be clarified at this point- that thg
invulnerability of the transmitter to nuclear attack has been

examined under a postulated C.E.P. of one-quarter of a nautical miﬁ

It is not expected, howevér, that this C.E.P. can be achieved‘befoﬁé

5 to 6 years. Consequently there will be a margin in the trans- .

a

mission rate during the first 2 to 3 years of operation. During

¥

that time if, unexpectedly, the natural constants prove even more

-38-

e T e e s ey e -




TR
it

-

.

v v rmate o)
»

.
-

o

pessimistic than I Have asswhed, theré will be eriough time o indbéasé

the radiated power by 40 tO 60 percent with an expenditure -of

$100 to 150 million. | )
Therefore, in conclusion, I would like to say that zil the

necessary information required by the Navy tonarrive-at‘a'deqisipn-;_

whether or not to proceed on E.L.F. is available today.
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21 Shaded Portion Shows Area of Poor
Conductivity in Wisconsin
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